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A RIGOROUS MODEL FOR FREQUENCY-DEPENDENT 
FINGERPAD FRICTION UNDER ELECTROADHESION 
Fabian Forsbach, Markus Heß 
Department of System Dynamics and Friction Physics, TU Berlin, Germany 
Abstract. In the electroadhesive frictional contact of a sliding fingerpad on a 
touchscreen, friction is enhanced by an induced electroadhesive force. This force is 
dominated by the frequency-dependent impedance behavior of the relevant electrical 
layers. However, many existing models are only valid at frequency extremes and use 
very simplified contact mechanical approaches. In the present paper, a RC impedance 
model is adopted to characterize the behavior in the relevant range of frequencies of 
the AC excitation voltage. It serves as an extension to the macroscopic model for 
electrovibration recently developed by the authors, which is based on several well-
founded approaches from contact mechanics. The predictions of the extended model are 
compared to recent experimental results and the most influential electrical and 
mechanical parameters are identified and discussed. Finally, the time responses to 
different wave forms of the excitation voltage are presented. 
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1. INTRODUCTION 
Electrovibration is a powerful technology of surface haptics that enables effective 
tactile feedback on touch screen surfaces of smartphones, tablets, navigation systems and 
similar devices of consumer electronics. It uses electrostatic attraction to enhance sliding 
friction between a fingerpad and touch surface. This can be done by applying an AC 
voltage to the conductive layer of the screen, which causes polarization of the fingerpad, 
resulting in an electroadhesive contribution to the normal contact force that increases the 
frictional force. The latter is controlled by changing the amplitude, shape and frequency 
of the voltage to create a variety of different tactile effects [1, 2].  
Although the magnification of the perceived frictional force caused by an alternating 
voltage, was known far earlier, before Grimnes [3], named this effect "electrovibration", 
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it is still not fully understood today. One major problem represents the complex coupling 
between contact mechanics and electrodynamics, which is why highly simplifying 
assumptions are often made in theoretical modeling. Even without considering electrostatic 
interactions, understanding the tribological behavior of human skin including its effect on 
tactile perception is a challenging task because of the layered structure and non-linear visco-
elastic material behavior of the skin. In addition, the skin surface of the fingerpad has a very 
specific topography and its ridges are far away from being smooth. They are punctuated by 
a variety of concave shaped sweat pores which allow to lubricate the skin and hence change 
its tribological properties [4, 5]. The induced electrostatic interaction between the fingerpad 
and conductive layer of the screen in the state of full slip further increases the difficulty in 
finding a suitable model. In the last decade, intensive research has been carried out on the 
study of the electrodynamics of contact, both experimentally and theoretically, and several 
interesting models have emerged [6, 7, 8]. However, experiments are often carried out under 
restrictive contact mechanical conditions, such as a fixed apparent contact area, although it is 
obvious that the contact area of the real, electroadhesive frictional contact depends on both the 
normal force and the applied voltage. If the corresponding measurement results serve as the 
basis for theoretical modeling, effects like the reduction of the (apparent and ridge) contact 
area during transition from stick to slip caused by an increasing tangential force cannot be 
considered. Moreover, the mechanical part of the contact is often represented only in the 
simplest way via a combination of spring and damper [9]. 
Recently, the authors proposed a new macroscopic model for electrovibration that is based 
on several well-founded approaches from contact mechanics [10]. The model provides 
plausible results for all contact mechanical quantities, particularly, it adequately predicts the 
friction force and the friction coefficient over the entire range of relevant voltages and applied 
normal forces, which is supported by a comparison with experimental results. However, in the 
electrodynamic part of the model, the outer layer of skin, the interfacial air gap and the coating 
of the conductive layer of the screen are assumed to be purely capacitive. Therefore, the 
applicability of the model is limited to high-frequency excitations. 
In the present paper, the electrodynamic part is improved by considering the resistive 
properties of all three components to represent the frequency dependence of the frictional 
force. For this purpose, the RC impedance model proposed by Shultz et al. [8] is adopted.  
The manuscript is structured as follows: At the beginning of Chapter 2, we first briefly 
summarize the main approaches of the model recently proposed by the authors to map 
electrovibration. Subsequently, the improvement of its electrodynamic part is explained in 
detail which allows to study the frequency dependence of the frictional force. Chapter 3 is 
addressed to the relevant electrical and mechanical parameters for the coating of the 
touchscreen, the stratum corneum, the interfacial air gap and the ridge contact area as a 
function of the applied normal force used in our simulations. Since no experimental study 
provides a complete set of measured relevant parameters, they had to be taken from various 
works. Chapter 4 contains the results emerging from the simulations with the new 
electromechanical model. The influence of numerous parameters on the electrostatic 
contribution to the frictional force as a function of frequency is analyzed and compared with 
known experimental data. The time response is studied for both a pure sinusoidal and a 
square-wave excitation. Some conclusive remarks in Chapter 5 close the manuscript. 
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2.  MACROSCOPIC MODEL FOR ELECTROADHESION 
In a recent work the authors propose a macroscopic model for the frictional contact 
between a fingerpad and an AC voltage supplied coated touch surface in a state of full slip 
(Fig. 1). In contrast to highly simplified models, it is based on sound contact mechanics 
approaches, which are briefly summarized below. For a detailed description of the model, 
the reader is referred to the original paper [10]. 
Pressure-controlled friction is assumed, i.e., the frictional force obeys the generalized 
Amontons-Coulomb law [11], which includes an additional contribution to the normal 
contact force to account for electroadhesive interaction: 
 
T 0 N el 0 N el R( ) ( )F F F F A  = + = + . (1) 
It should be noted that Eq. (1) emerges as a limiting case of the adhesive tangential 
contact in a Coulomb-Dugdale approximation as well [12]. µ0 and FN denote the friction 
coefficient and the applied normal force, respectively. 𝜎el represents the electrodynamic 
contribution to the normal contact force per unit area which can be expressed in terms of 











 =  (2) 
AR is the ridge contact area in a state of full slip, which is significantly smaller than the 
ridge contact area AR,0 under pure normal loading. Supported by experiments [13] and FE 
simulations [10], the decrease of the ridge contact area during the transition from stick to 
slip can be described by 
 
Fig. 1 Electroadhesive frictional contact with the relevant layers of the finger-touchscreen 
interface and their representation in the RC impedance model 
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= −  (3) 
The empirical parameter c2 must be determined by experiments, FE simulations or similar. 
The ridge contact area under pure normal loading, but taking into account adhesion, must 
be determined from the following equation that results from Shull’s compliance method  
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where 𝛼, 𝛽, m and n are parameters of non-adhesive powerlaw-relationships between 
ridge contact area AR,0 and normal force F1 as well as indentation depth 𝛿1, namely 
 
R,0 1 1 ,( )
mA FF =  (5) 
 
R,0 1 1 ,( )
nA  =  (6) 
and w denotes the work of electroadhesion per unit area (see [10] for details). In the present 
paper the parameters in Eqs. (5) and (6) are taken from experimental data (see Section 3.4 
and Table 1 for details). According to Heß and Popov [14], the work of electroadhesion per 
unit area can be calculated by 
 
a




=   (7) 
By using Eqs. (1) to (7), the authors calculated the friction coefficient and friction force 
which both agree well with experimental measured data over the entire range of relevant 
voltages and applied normal forces [10]. However, since the outer layer of skin, the 
interfacial air gap and the coating of the conductive layer of the screen are assumed to be 
purely capacitive, the applicability of the model is restricted to the high-frequency regime. 
Here, we improve the electrodynamic part of the model by mapping the impedance of each 
electrical layer as a resistor in parallel with a capacitor (Fig. 1). 
Now, suppose a sinusoidal excitation voltage 
 ( )0 sin .( ) U tU t =   (8) 
The impedance of each layer is then given by 











with the capacitances Cx and resistances Rx of the respective layer. For the RC circuit 
depicted in Fig. 1, the amplitude Ua,0 of the voltage across the interfacial air gap,  
 ( )a a,0 sin ,( )U t U t =  +  (10) 
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where 𝜏 i = RiCi, 𝜏 a = RaCa and 𝜏 sc = RscCsc. The phase angle of the gap voltage Ua(t) is 
given by 
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whereas for high frequencies the behavior is purely capacitive, yielding 
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The latter equation leads to the original model of [10]. 
3. ELECTROMECHANICAL PARAMETERS 
The electrical and mechanical parameters used for the model are listed in Table 1. To 
the authors knowledge, there is unfortunately no experimental investigation where the 
complete set of relevant parameters is measured.  
The capacitances for the three different layers can be determined via 






=    (16) 
where  0 is the permittivity of free space, r,x is the relative permittivity of the respective  
layer and dx is the thickness of the layer. 
 
Fig. 2 Resistivity 𝜌sc and relative permittivity r,sc of stratum corneum taken from [17] 
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3.1. 3M coating 
The commonly used 3M coating of the touchscreen is 1µm thick and the relative 
permittivity r,i is usually given with 3.9 [2]. Due to the high resistivity of silica (SiO2), 
the coating is often described as an insulator [6, 7]. However, in [15], a resistive behavior 
is measured for low frequencies which may be the result of imperfections in the 3M 
coating. An adequate approximation of the impedance measured in [15] in the relevant 
frequency range can be achieved by the circuit in Fig. 1, a capacitator with the properties 
of the silica layer parallel to a resistor with Ri=0.2M𝛺. 
3.2. Stratum corneum 








=  (17) 
with the resistivity and thickness of stratum corneum 𝜌sc and dsc, respectively. The thickness 
varies in the range of 200-450 µm [16]. Its electrical properties are highly frequency-
dependent. The resistivity 𝜌sc and relative permittivity r,sc in the relevant range of frequencies 
was measured by [17]. Fig. 2 shows the experimental data as well as the fits  
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where z=log10(f / 1Hz). These fits were used in the model to account for the frequency-
dependent behavior.  
Table 1 Parameters for the model of sliding friction 
Symbol Parameter name Value and unit 
µ0 Friction coefficient 0.3 
FN Applied normal force FN = 0.5 N 
r,i Relative permittivity of 3M coating 3.9 
r,a Relative permittivity of the interfacial gap (air) 1 
0 Permittivity of free space 8.854 ⋅ 10−12 As/Vm 
di Thickness of the 3M Coating 1 µm 
da Thickness of the interfacial gap 3.5 µm 
dsc Thickness of stratum corneum 350 µm 
Ra Resistance of the interfacial gap 1 ⋅ 106 𝛺 
Ri Resistance of the 3M Coating 2 ⋅ 105 𝛺 
m, n,    
𝛼, 𝛽  
Parameters of power-law expressions for ridge 
contact area 
m=0.52, n=1.41,    
𝛼=54.4mm2/Nm, 𝛽=32.0 mm2-n 
c2 Empirical parameter for area reduction c2 = 5000 mm
4/N2 
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3.3. Interfacial gap 
The properties of the interfacial air gap are a subject of current research. However, 
recent studies [8, 9] indicate an equivalent gap thickness da of 1-5µm between the finger 
pad ridges and the comparatively smooth display surface. This is further supported by 
topography measurements of the microstructures on the ridge [18]. The experimentally 
observed resistance of the interfacial gap is mainly a constriction resistance of the rough 
contact. The charges can only pass the interfacial gap at the microcontacts or at fluid filled 
spots and can thus not flow freely. This gap resistance is therefore highly dependent on the 
interface properties such as the amount of sweat produced by the sweat ducts or 
contamination. To the authors knowledge there is no direct measurements of the gap 
resistance, but in [8] a value of 7 M𝛺 is determined indirectly. 
3.4. Ridge contact area 
The ridge contact area AR is a further highly subject dependent quantity. The parameters 
for the power-law relations of the non-adhesive ridge contact area (Eqs. (5) and (6)) in Table 1 
are taken from [19]. Thus, at a normal force of 0.5N non-adhesive ridge contact area is 
measured to approximately 37mm². However, this value can vary significantly depending on 
the finger size and its angle to the contacting surface. In the following section, the influence of 
the ridge contact area is investigated by keeping the exponents m and n in the power-law 
relations in Eqs. (5) and (6) constant but scaling the parameters 𝛼 and 𝛽 accordingly. The 
parameter c2 controlling the area reduction due to the tangential loading is taken from [10]. 
4. FREQUENCY DEPENDENCE OF ELECTROADHESION 
In this section, the model prediction of the electroadhesive contribution to the normal 
force Fel is investigated and compared to experimental data by [6]. Furthermore, the 
influences of the uncertain equivalent thickness and resistance of the interfacial gap as 
well as the subject dependent thickness of the stratum corneum and ridge contact area are 
investigated. 
Fig. 3 shows the model predictions of the average inferred electroadhesive force in 
terms of the excitation frequency and the experimental data found by [6] for different 
subjects. The black curves correspond to the parameters in Table 1. Furthermore, a 
variation in the experimentally found ranges is shown for the parameters listed above.  
In all cases, the model predictions show the same characteristics: For low frequencies, 
the electrical circuit behaves mainly resistive and the voltage across the interfacial gap 
approaches the limit in Eq. (14). The inferred electroadhesive force is proportional to the 
square of that voltage, Fel ∝ Ua2 (see Eq. (2)), and therefore also approaches a limit value. 
Similarly, for frequencies higher than 2000 Hz the circuit is mainly capacitive (see Eq. 
(15)) and the electroadhesive force approaches another, larger limit. In agreement with 
the experimental data, the forces increase by up to 80% from 100 Hz to 10000 Hz. 
For decreasing thickness of the stratum corneum and increasing ridge contact area (on the 
upper left and right of Fig. 3, respectively), the electroadhesive force increases approximately 
linearly in the whole frequency spectrum. However, compared to the variations in the 
thickness of the stratum corneum, small differences in the ridge contact area have far greater 
influence on the force. In [20], using another, much simpler modeling approach, the wide-
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spread experimental results were explained by the variability in the thickness of the stratum 
corneum. With the mechanically and electrically much more comprehensive model presented 
in this paper, this result cannot be confirmed. 
 
Fig. 3 Inferred electroadhesive force Fel in terms of Excitation frequency f for an excitation 
voltage amplitude of U0 = 140V and an external force of FN=0.5N predicted by the 
proposed model and, in grey, experimentally found by [6] 
The influence of the interfacial gap parameters is shown on the lower left and right of 
Fig. 3. If the resistance of the interfacial gap is increased, the force in the resistance-
dominated low frequency range is increased as well. For the proposed model, values in 
the range of 1-2M𝛺 appear appropriate. This range is significantly lower than the value 
calculated in [15] (7M). However, the interface resistance is expected to vary extensively 
depending on multiple interface and environmental parameters as described in Section 3.3. 
The equivalent interfacial gap thickness influences the whole frequency range significantly 
(see lower right of Fig. 3). The range of 2-5µm appears appropriate and is, as described in 
Section 3.3, in agreement with the values found in the literature. In light of Eq. (12) and 
Ca≪Csc as well as Ca≪Ci, the electroadhesive force is roughly proportional to (da)-2 and, 
thus, increases rapidly for small interfacial gap thicknesses. 
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The experimental data points for the different subjects in Fig. 3 vary extensively: 
Some show convergence for high frequencies, while other do not (yet) converge and in 
addition there is a significant quantitative scatter. The reason for this is unclear and 
requires further experimental investigation. Particularly, measurements of (ridge) contact 
area and skin hydration level of the different subjects are of interest. Unfortunately, to the 
authors’ knowledge, this is the only experimental investigation of the frequency dependence. 
Thus, while adequate agreement with some individual subjects is possible by fitting of the 
parameters in the discussed ranges (see for example the black curve in Fig. 3), the model 
should be validated with a more complete data set of a future experimental study. However, 
the parameter variations discussed above offer some possible explanations for the observed 
experimental behavior. 
Fig. 4shows the modeled time response of the gap voltage Ua and the inferred force Fel for 
one high frequency case with capacitive behavior (5000 Hz) on the right and one in the 
transition range between resistive and capacitive behavior (100 Hz) on the left. The model 
parameters are chosen as in Table 1. For the 100 Hz case, the gap voltage leads the excitation 
voltage by some degrees and the amplitude is approximately 60% of the excitation amplitude. 
Contrary, in the high frequency case the gap voltage is in phase with the excitation voltage 
and the amplitude transfers to more than 80%. Since the electroadhesive force is proportional 
to the square of the gap voltage, its frequency is twice the excitation frequency and the 
amplitude is significantly higher for the high frequency case. 
 
Fig. 4 Modeled time response of the voltage Ua and the inferred electroadhesive force Fel 
for a sinusoidal excitation voltage with amplitude of U0 = 200V at frequencies of 
100Hz (left) and 5000 Hz (right), both at an external force of FN = 0.5N 
Fig. 5 shows the time responses for a square wave excitation for the frequencies of, 
again, 100 Hz on the left and 5000 Hz on the right. For each sudden change in excitation 
voltage, a maximum or minimum in the gap voltage follows. During the phases of 
constant excitation voltage, the gap voltage drops due to leakage through the resistors. 
This voltage drop is significant for the 100 Hz case, causing a very volatile time response 
of the inferred force. For the high frequency case, the gap voltage drop is much less 
significant and the resulting model prediction of the force is almost constant in time. 
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Fig. 5 Modeled time response of the voltage Ua and the inferred electroadhesive force Fel 
for a square wave excitation voltage with amplitude of U0 = 200V at frequencies 
of 100Hz (left) and 5000 Hz (right), both at an external force of FN=0.5N 
5. CONCLUSIONS 
To model the observed frequency dependence in the electroadhesive frictional contact of a 
finger pad with a touchscreen, an extension of the macroscopic model recently developed by 
the authors has been proposed. The impedance behavior observed in experiments, resistive for 
low frequencies and capacitive for high frequencies, was successfully modeled by three 
parallel circuits of resistor and capacitator in series, one for each electrical layer. The 
electromechanical parameters were chosen according to recent measurements and the model 
predictions of the inferred electroadhesive force were compared to a recent experimental study 
[6]. The model predictions agree qualitatively and quantitatively reasonably well with 
experimental results. The present model further shows that the significant scattering of the 
experimental data for different subjects may be due to the variability of crucial parameters 
such as the ridge contact area, the equivalent interfacial gap thickness and the electrical 
resistance of the interfacial gap. However, further validation with a more complete 
experimental data set is needed. Finally, the time response of the developed model to different 
wave forms and frequencies of the excitation voltage is presented and discussed.  
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